To accurately evaluate the influence of the actual tension and compression state and stress ratio at the deck-to-rib welding seam position on the fatigue life of a bridge deck, this paper establishes a coupled stress analysis model that considers the welding residual stress and vehicle stress. Taking the Jiangyin Bridge as an example, a qualitative analysis of the fatigue life under the vehicle load and residual stress field is carried out using the proposed method. A case analysis showed that when the residual tensile stress in the welding seam position is superimposed on the mainly tensile cyclic vehicle load stress, the longitudinal stress relaxation exceeds the peak vehicle load stress; significant longitudinal stress relaxation occurred, while the transverse stress relaxation is not significant.
Introduction
The orthotropic steel deck (OSD) is the preferred deck structure for long-span bridges. However, with the increase in the service life of bridges, fatigue cracks in steel bridge decks have emerged, such as on the Humen Bridge (built in 1997), Jiangyin Yangtze River Bridge (built in 1999) and Second Nanjing Yangtze Bridge (built in 2001). These cracks occurred only approximately 10 years ago, taking place after they were opened to traffic and causing major economic losses and adverse social impacts [1] [2] [3] . Therefore, the anti-fatigue design of OSDs is essential. Among the various fatigue distresses that occur in steel bridge decks, the most common is the fatigue cracking of the deck-to-rib welded details [4] [5] . For the anti-fatigue design of this type of welding detail, the stress range-number of cycles (S-N) curves based on typical welded structures are commonly used in domestic and foreign codes [6] [7] [8] . The main factor of the fatigue design is thus the stress amplitude, and the residual stress of the weld, the relaxation effect, and their influence on the stress ratio are not considered. This is mainly because there is a high residual stress at the welding seam, and the true stress at the welding seam may approach or exceed the yield strength of the material under external loads, resulting in only a small effect of the stress ratio on the fatigue life [9] . In addition, fatigue strength theory states that a tensile average stress acts to reduce the fatigue life, while a compressive average stress is beneficial to the fatigue [10] . In this regard, China's latest version of "Code for Design of Steel Structure of Railway Bridge" [11] used R = -1 as the critical value to divide the fatigue stress state of the welded components into a mainly tensile stress state of the tensile-tensile condition and a mainly compressive stress state of the tensile-compression condition. When R ≤ -1, the fatigue stress state is the tensile-compressive stress state dominated by the tensile stress; in this situation, a fatigue check should be performed. When R < -1, the fatigue stress state is the tensile-compressive stress state dominated by the compressive stress; in this stress state, the influence of the compressive stress on the cumulative fatigue damage is completely not considered. However, for the steel deck-torib welding details, the real stress level of the welding seam position is very different when only considering the vehicle stress versus considering the coupling effect of the vehicle stress and the welding residual stress. The main reason is that after the welding residual stress is considered, the stress ratio R at the welding seam position changes greatly, resulting in essential changes in the tensile and compressive states of the weld detail. In addition, a stress relaxation effect will be generated after the high residual stress at the weld is superimposed on the external load stress, and the magnitude of the stress relaxation will also have a certain degree of influence on the true stress level of the welding details. Therefore, the traditional steel bridge deck welding detail fatigue design adopts the S-N curve method, which cannot effectively reflect the true welding residual stress level of the structure; when applied to an actual steel bridge structure, the fatigue life tends to be overestimated. Domestic and foreign scholars are working hard to develop more accurate fatigue life calculation methods [12] [13] [14] .
In recent years, some scholars carried out research on the influence of the stress ratio and welding residual stress on the fatigue life of OSDs. Zhang et al. [15] noted that under vehicle loads, the cyclic stress ratio at the position of the deck-to-rib welded joints in an OSD is much less than -1, so an S-N curve considering the cyclic stress ratio should be adapted in the fatigue life analysis. However, the calculation of the stress ratio in this paper only considers the vehicle load, and whether the true stress ratio at the weld seam under the coupling of the welding residual stress and vehicle stress is much less than -1 is open to question. Cui [16] proposed a fatigue life calculation method that considers the influence of the welding residual stress. First, a simplified calculation method is established for the coupling stress between the welding residual stress and vehicle stress; then, the fatigue life is calculated using a strain energy-based method. However, in the calculation of the coupling between the welding residual stress and vehicle stress, elementary beam theory is assumed, and a simple nonlinear superposition of the welding residual stress and vehicle stress is employed. Therefore, the elastic-plastic stress redistribution phenomenon due to high-magnification welding residual stress coupling with the vehicle stress can only be qualitatively discussed. The welding residual stress relaxation cannot be quantitatively calculated, and the actual tensile and compression states of the fatigue stress and stress ratio at the welding seam, in turn, cannot be accurately assessed. Therefore, although the calculation results show that the welding residual stress has an effect on the fatigue life of the OSD, its mechanism cannot be explained.
The above works opened up new ideas for the study of fatigue life calculation methods for OSDs. To accurately evaluate the true tensile and compressive states of the welding seam position and study the influence of the stress ratio and welding residual stress on the fatigue life, it is necessary to quantitatively calculate the relaxation effect of the welding residual stress under a vehicle load. For this reason, based on the coupling of the birth-death element technology and thermal-structural coupling analysis using ANSYS finite element software, a coupled stress analysis model of residual stress and vehicle stress of deck-torib welding joint is established, and a refined calculation method considering the welding residual stress and relaxation effect is proposed. The calculation method is used to parameterize the coupled model for different external load conditions and deck thicknesses, and the relationship between the residual stress relaxation and the initial residual stress and external load is summarized. Taking the welding details of the deck-to-rib of the OSD of the Jiangyin Yangtze River Bridge as an example, the refined calculation method is used to calculate the true stress spectrum of the welding details for different transverse locations of vehicles and obtain fatigue parameters such as the stress ratio and equivalent stress magnitude under the action of the welding residual stress and vehicle load coupling. A qualitative analysis of the impact of vehicle loads and residual stresses on the fatigue life was carried out. The relevant conclusions provide a basis for an in-depth research study of a method for calculating the fatigue life as affected by the stress ratio and welding residual stress.
Analysis method of the welding residual stress relaxation effect 2.1 Analytical model
After the residual stress at the welding seam is superimposed on the external load stress, the coupled stress tends to exceed the yield strength of the material, causing the partial elastic strain to be transformed into plastic deformation and resulting in stress release and the redistribution of the residual stress in the plasticized zone after unloading. This result in the final coupling stress being less than the initial residual stress, that is, the welding residual stress has a relaxation effect under cyclic loading [17, 18] . From the aforementioned description, it can be seen that the value of stress relaxation is the difference between the initial residual stress and the final coupling stress. To quantitatively calculate the relaxation effect of the welding residual stress under a vehicle load, it is necessary to accurately evaluate the time-history variation of the coupling of the residual stress during the loading and unloading cyclic stress process. To this end, this paper establishes a refined stress analysis model of the steel bridge deck welding residual stress coupled with the vehicle loading stress; comprising three steps ( Fig. 1 ): 1. a thermal-structural coupling method is developed for simulating the initial welding residual stress production process; 2. the submodel method is used to set the displacement boundary condition of the deck-to-rib refined submodel; and 3. the same fatigue vehicle model load is applied on the top surface of the submodel and the top surface of the coarse model to finally obtain the true coupling stress time-history of the welding details.
Step 1. Use thermal-structural coupling method for simulating the initial welding residual stress production process. The specific steps are as follows: (1) Establish a deck-to-rib solid element coupling analysis fine submodel ( Fig. 2) , hereinafter abbreviated as a submodel. Taking the Jiangyin Yangtze River Bridge as an example, the 8-node SOLID185 solid element provided by ANSYS is used to perform a fine finite element simulation on the deck, longitudinal rib and weld structure in 1.5 U ribs. The submodel size and welding seam details are shown in Fig. 2 (b). The minimum unit size of the welding seam and heat affected zone is 0.5 mm; the largest unit size far away from the welding seam is 8 mm. The model materials in this paper are all Q345 steel (the yield stress is 345 MPa) and the thermal and mechanical parameters of Q345 steel at different temperatures are provided in Table 1 [19] [20] [21] . The welding rod is E50 type, and its thermophysical and mechanical parameters are the same as Q345 steel. (2) Perform a submodel thermal analysis. (3) The constraint of not producing rigid body displacement and not seriously hindering free deformation is applied to the deck to simulate the action of the peripheral members, and then the thermal analysis results are applied as a body load to the submodel. (4) Perform a submodel stress analysis and obtain the longitudinal and transverse residual stress distribution curves of the deckto-rib weld toe position. There are some assumptions were adopted in the process of stress field analysis: a) welding materials are subject to von Mises yielding criteria; b) the behavior in plastic zone is subject to the plastic flow rule and hardening rule; c) elastic strain, plastic strain and temperature strain are inseparable; and d) temperature-dependent mechanical properties, stress and strain change linearly in small time increments.
Step 2. The submodel method is used to set the displacement boundary conditions of the deck-longitudinal-rib fine submodel. The specific sub-steps are as follows:
(1) the Shell63 elastic shell element is used to establish the overall steel box girder shell element coarse model ( Fig. 3 ), referred to as the coarse model in the text that follows; the total number of units is 91,090. The length of the steel box girder along the bridge is taken as five partition spacings; the width is 32.5 m, the length of the bridge segment is 18.75 m, and the thickness of the diaphragm plate is 14 mm. (2) An overall structural stress analysis is carried out by applying the fatigue vehicle load ( Fig. 9 ) to the coarse model. The boundary condition is the simple support constraint along the bridge length on both sides, and the displacement response of the boundary of the submodel is calculated. (3) Then, the displacement response obtained in the previous step is used as the boundary condition, and it is automatically applied to the corresponding position of the submodel by linear interpolation.
Step 3. The same fatigue load on the deck of the coarse model is applied to the deck of the submodel (Fig. 4 ) to obtain the true coupled stress time history of the weld detail. The cyclic plasticity constitutive model of Q345 steel [22] [23] [24] is adopted in the finite element modeling of weld-induced residual stress relaxation under fatigue loading. The plasticity model of the steel under cyclic loading is defined using the initial yielding condition, plastic flow rule, and hardening rule.
Model verification
Subsection 2.2 verifies the accuracy of the established residual stress relaxation effect analysis model by the following three aspects. The first aspect is to check the rationality of the heat source application in the temperature field simulation, the second is to compare the numerical simulation results of the welding residual stress with experimental data, and the third is to compare the calculation accuracies of the submodel and the coarse model on the vehicle stress under a vehicle load.
Temperature field simulation results
The temperature field analysis of the welding process is a transient thermal analysis with an initial temperature setting of 20 °C. In this paper, the finite element life and death unit technology is used to simulate the melting-solidification process of the weld, and the temperature load is applied in the form of a heat generation rate (HGEN). During the welding process, the weld seam elements are killed at the beginning. Then, the killed elements are gradually activated in the welding process to simulate weld seam metal filling. At the same time, the heat generation rate (HGEN) is imposed on the activated weld seam elements to simulate a moving heat source, which is calculated by Eq. (1) .
In Eq. (1), HGEN is the heat generation rate (watt per cubic meter); η, U and I is the heat efficiency, voltage, and electric current, respectively, in the welding process;
A is the cross-sectional area of weld seam; v is the welding velocity; and dt is the welding time for each weld seam element length. Parameters η = 0.8, U = 30 V, I = 320 A, v = 0.01 m/s and dt = 0.2 s are applied in the simulation [14] . Fig. 5 shows a temperature change cloud diagram of the model welding and cooling process. The length of the welding seam is 300 mm, the welding speed is set to 10 mm/s, the welding time of each welding seam is 30 s, and the cooling time is 30 s~2400 s. The convection boundary condition is applied on all surfaces with a convection film coefficient 15 W/(m 2 · °C) [20] . indicating that the applied model heat source is reasonable. During the entire welding temperature field simulation process, the maximum temperature around the welding seam is approximately 2700 °C. Although the temperature of each point on the test piece changes with the movement of the heat source, the temperature field always maintains a stable form.
Stress field simulation results
The longitudinal and transverse welding residual stress distribution results of the intermediate welds of the submodel are shown in Fig. 6 . Fig. 6 (a) is a comparison of the longitudinal residual stress numerical simulation results of this paper and experimental data [25] [26] [27] . The numerical model in this paper adopts the same welding detail and material (Steel Q345) as the test specimen in the literature [26, 27] , whereas the geometry size of them is different. The numerical simulation model is built referencing the actual size of the Jiangyin Bridge. The thickness of the top deck is 12 mm, and the thickness of the ribs is 6 mm. In the literature [26] , a scale specimen with a top deck thickness of 8 mm and a ribs thickness of 4 mm is used in experiment and proportion is 1:1.5. In the literature [27] , a full scale specimen with a top deck thickness of 10 mm and a ribs thickness of 8 mm is used in experiment. In order to study the influence rule of the top deck thickness variation on the welding residual stress of the deckrib of the orthotropic steel bridge, a series of FE models the welding details of the deck-rib with the thickness of top deck ranging from 12 to 20 mm are established in the literature [28] . It is shown that the compressive stresses at position far from the welding joints decrease with the increase of the thickness of the top deck. Due to the different sizes of the experiment and the numerical model, the compressive residual stresses at position far from the welding joints is larger than that of the numerical simulation. As shown in Fig. 6 , although the sizes of the numerical model and the experimental model are different, the numerical model results are consistent with the change of the test results; that is, the longitudinal residual stress is a tensile stress near the welding seam and a compressive stress away from the welding seam. In general, the measured points are around the simulated calculation values, and the numerical simulation results are in good agreement with the experimental data, indicating that the numerical simulation results are true and reliable. Fig. 7(b) shows a comparison of the longitudinal and transverse stress time-history results under the vehicle load action ( Fig. 7(a) ) of Case C and Case D (a detailed description of each loading case is provided in Subsection 3.1) at the welding seam of the coarse model and the submodel. It can be seen from the figure that the stress peak at the welding seam position of the submodel under loading cases C and D agrees well with the coarse model, thus verifying the accuracy of the submodel method; therefore, the submodel is used to calculate the coupling stress of the welding residual stress and vehicle load stress in the text that follows.
Comparison of vehicle stress between the submodel and coarse model

Analysis of the welding residual stress relaxation effect of the deck-to-rib details 3.1 Stress state analysis of the welding seam position under vehicle load action
The Jiangyin Yangtze River Bridge is located in the Yangtze River delta region, which has the heaviest traffic in China, has been found that fatigue cracks occurred only after construction for nine years. Fig. 8 shows fatigue cracking in Jiangyin Bridge. Among the various types of fatigue cracks in OSDs, cracks in deck-to-rib welded joints have occurred most often [2, 4] . As shown in the Fig. 8 , many cracks initiated from the weld toe between the deck and rib, inducing serious damage of the orthotropic steel deck and pavement on it. In the literature [29] [30] , it is shown that that fatigue cracks occurred in compressive zone of various welded details in this type of bridge deck system due to welding residual tensile stress. Therefore, it is significant to consider the effect of welding residual stress for the fatigue life assessment of deck-to-rib welded joints.
To study the coupled stress state of the welding residual stress and vehicle stress at the position of the steel bridge deck-to-rib weld, Subsection 3.1 first analyzes the stress state considering only the position of the weld under the action of the vehicle. The most unfavorable loading conditions of the steel bridge deck are determined by applying vehicle loads to the shell element coarse model of a steel box girder of Jiangyin Bridge (Fig. 3 ) at different transverse positions. In this paper, the fatigue load calculation model selects the single-vehicle model recommended by the 'Code for the Design of Highway Steel Bridge' [31] .
The axle load and distribution regulations of the model are shown in Fig. 9 . Fig. 9 (a) and (b) are vehicle cross a longitudinal section respectively. Z1~Z4 stands for 4 axles load respectively. Axle space is 1.2 m, 6.0 m and 1.2 m respectively from the beginning to the end. Z in Fig. 9 (a) stands for any one of Z1~Z4 in Fig. 9(b) . The fatigue vehicle load model used for the finite element model analysis is simplified as a series of moving concentrated forces, which is applied on the surface of the orthotropic steel deck directly. Considering the randomness of vehicle travel, the transverse distance between each loading case is 150 mm, and a total of five transverse loading conditions (denoted as Case A~E) are shown in Fig. 10 . The effect of vehicle load is local; that is, when the vehicle load is far away from the welding joint we need to research, it has no influence on the stress of the welding joint. Therefore, as shown in Fig. 10 , the length of the segmental bridge of coarse model is 18.75 m, which is five times as long as the diaphragm plate spacing of 3.75 m. The width of the segmental bridge of coarse model is 32.5 m, which is the same as the Jiangyin Bridge in practice. Fig. 11 shows the longitudinal and transverse vehicle stress time-history curves of the weld at the positions of loading cases A~E. After the calculation, the stress ratio R of loading case D is 0 and that of all the other loading cases is -∞. According to the "Code for the Design of Steel Structure of Railway Bridge" [11] , when the residual stress and stress relaxation effect are not considered, the fatigue state of loading case D (where the vehicle directly acts at the position of the weld) is a tensile stress state, with longitudinal and transverse stress peaks of 27.7 MPa and 16.4 MPa, respectively, and fatigue checking should be performed at this time. Loading cases A~C and loading case E are compressive stress states, of which the maximum compressive stress occurs in loading case C (where the vehicle acts at a position 150 mm away from the weld), and the longitudinal and transverse stress peaks are -99.7 MPa and -41.9 MPa, respectively. At this time, the influence of the compressive stress on the cumulative fatigue damage can be ignored. In Subsection 3.2, taking the maximum compressive cyclic condition C and the tensile cyclic condition D as examples, the coupling stress of the welding residual stress and vehicle stress and stress relaxation phenomena are analyzed, and the influence on the fatigue stress state and stress ratio is further analyzed. Fig. 12 shows the response curves of the longitudinal stress S x and the transverse stress S y at the weld toe position in loading case C, in which the coarse model is only under the action of the vehicle and the submodel has the welding residual stress S y residual stress and vehicle stress coupled; N represents the loading sequence number of the vehicle model (e.g., N = 1 means the first loading). It can be seen from Fig. 11 that the weld toe position S x is 400.1 MPa at 2400.5 s, which has exceeded the yield strength. After applying a mainly compressive cyclic vehicle load stress of -97.70 MPa, the stress has decreased by 90.7 MPa; the final coupling stress was stabilized at 398.3 MPa, and the stress was only reduced by 1.8 MPa. The S y at the position of the weld toe is 241.9 MPa, and the stress is reduced by 38.6 MPa after applying a cyclic vehicle load stress of -43.1 MPa; at this time, the stress relaxation phenomenon did not occur. The above analysis shows that after the high-value residual tensile stress is superimposed on the mainly compressive vehicle load stress, the coupling stress at the weld toe is small, and the residual stress relaxation effect is not obvious.
Analysis of the residual stress relaxation effect under the coupling of the welding residual stress and vehicle stress 3.2.1 Compressive stress cyclic loading case C
To quantitatively study the influence of the coupling stress of the welding residual stress and vehicle stress on the fatigue stress state of the steel bridge deck weld toughness and qualitatively analyze its possible impact on the fatigue life, it is necessary to calculate the fatigue parameters such as the stress ratio and stress amplitude. Since the fatigue vehicle load applied in this paper is not a symmetric cyclic load, it is difficult to predict the fatigue life by the true stress at the weld toe position. Therefore, the Goodman curve [33] is introduced to convert the true stress amplitude at the welding seam to the same-lifetime equivalent stress level under symmetric cyclic loading (R = -1, S m = 0). Based on the Goodman formula, the equivalent stress range S a(R = -1) under symmetric cycles (R = -1, S m = 0) can be expressed as 
In Eq. (2), σ real is the true stress range, σ m is the average stress, and σ s is the material yield strength, which is 345 MPa for Q345 steel.
The stress response curves in Fig. 12 were processed into the respective fatigue parameters in Table 2 using Eq. (2). Since the fatigue crack initiation and propagation are directly related to the transverse stress, only the fatigue parameters corresponding to the transverse stress S y are provided. It can be seen that after considering the vehicle load stress and considering the coupling of the residual stress and vehicle load stress, the transverse true stress range σ real is decreased from 43.1 MPa to 39.11 MPa, a minor change, and the equivalent stress range S a(R = -1) rises from 40.57 MPa rises to 110.03 MPa, an increase by a factor of 2.7; the increase in the stress amplitude directly reduces the fatigue life. In addition, the stress ratio R changes from a negative value to a positive value, resulting in an essential change in the fatigue stress state at the weld toe, that is, the state of the compressive stress that does not require fatigue checking becomes a tensile stress state requiring a fatigue check. Considering the coupling effect of the welding residual stress and vehicle load stress 222.37 248.81
S a(R = -1)
Only considering vehicle load stress 40.57 16.79 Considering the coupling effect of the welding residual stress and vehicle load stress 110.03 63.71 R Only considering vehicle load stress -∞ 0
Considering the coupling effect of the welding residual stress and vehicle load stress 0.84 0.93 Fig. 13 shows the response curves of the longitudinal stress S x and transverse stress S y at the weld toe position in loading case D, in which the coarse model is only under the action of the vehicle and the submodel, in which the welding residual stress and vehicle stress are coupled. N represents the loading sequence number of the vehicle model. As seen from the figure, (1) before the vehicle is applied, the weld toe position S x is 400.9 MPa at 2400.5 s, exceeding the yield strength. After applying the mainly tensile vehicle load stress of 27.7 MPa, the stress increased by 4.1/39.5/39.3/39.3 MPa; the final stress was stable at 363.4 MPa, the stress relaxation was 37.5 MPa, and S y was 242.6 MPa. After applying the mainly tensile vehicle load stress of 16.5 MPa, the stress was increased by 8.2/20.1/17.8/17.8 MPa; the final stress was stabilized at 239.9 MPa, and the stress relaxation was 2.7 MPa. The above analysis shows that when a high-value residual tensile stress at the weld toe is superimposed on the mainly tensile vehicle load stress, the local coupling stress state exceeds the elastic range; the longitudinal stress relaxation exceeds the vehicle stress peak, and a significant relaxation effect occurs, but the transverse stress relaxation is not obvious. (2) It can be seen from Fig. 13(b) to Fig. 13(d) that the stress relaxation effect mainly occurs in the first two loadings of the first vehicle load stress cycle, and the stress tends to be stable thereafter.
Tensile stress cyclic loading case D
(3) It can be seen from Table 2 that after considering the residual stress and the vehicle load stress coupling effect, although the stress ratio R rises from 0 to 0.93, the fatigue stress state is still a tensile stress state, but the equivalent stress amplitude S a(R = -1) increased from 16.79 MPa to 63.71 MPa, an increase by a factor of 3.79; this increase in the stress amplitude will directly reduce the fatigue life. Therefore, whether in the compressive stress cyclic loading case C or the tensile stress cyclic loading case D, after considering the coupling effect of the welding residual stress and the vehicle load stress, the fatigue life at the welding seam will be reduced by different degrees.
Influences of various factors on the stress relaxation effect 3.3.1 Effect of deck thickness variation on the residual stress relaxation
To consider the influence of the variation of the deck thickness on the degree of relaxation of the welding residual stress, Subsection 3.3.1 takes loading case D as an example, establishes refined sub-models under different deck thicknesses, and performs a coupling analysis of the vehicle stress and residual stress. For convenience of expression in the following text, the deck and the longitudinal ribs are respectively abbreviated as D and L; and the D12L6 represents a model with a deck thickness of 12 mm and a longitudinal rib thickness of 6 mm, and the other models are described similarly. When the thickness of the longitudinal rib is fixed at 6 mm and only the deck thickness changes, the longitudinal stress S x and transverse stress S y response curves of the coarse model under a vehicle load and the submodel when the welding residual stress and the vehicle stress are coupled, as shown in Fig. 14. It can be seen from the figure that (1) at 2400.5 s, the initial longitudinal stresses at the toes of models D12L6 and D20L6 are 400.9 MPa and 401.7 MPa, respectively. This indicates that the initial residual stress increases with the deck thickness, and the transverse stress increase is more obvious than that of the longitudinal stress.
(2) The longitudinal stress relaxations at the toes of models D12L6, D16L6 and D20L6 are 37.5 MPa, 37.8 MPa and 37.3 MPa, respectively, and the transverse stress relaxations are 2.3 MPa, 5.2 MPa and 6.2 MPa, respectively, indicating that the degree of influence of the increasing deck thickness on the longitudinal stress relaxation is minor, and although the transverse stress relaxation is slightly increased, the overall effect is not significant. 
Influence of variation of external load stress cyclic characteristics on the residual stress relaxation degree
In large marine floating structures such as ships, researchers have studied the influence of the welded joint residual stress relaxation on the fatigue strength using experimental [23, 34] and theoretical [35, 36] methods. The main factors affecting the residual stress relaxation are believed to be the initial residual stress and the externally applied load. However, the quantitative relationships among the residual stress relaxation, the initial residual stress, and the applied load of a typical welded joint, the deck-to-rib welded joint, of the steel deck of the bridge structure are still unclear. To study the relaxation law of the residual stress at the weld toe of the deck-to-rib weld detail under an external load, Subsection 3.3.2 analyzes the external load conditions of 26 different stress cyclic characteristics based on the fine submodel, mainly considering the changes of the stress range and stress ratio, as shown in Table 3 . Fig. 15 shows the relationships among the residual stress value, the initial residual stress and the external load after the coupling of the welding residual stress and the external load under 26 external loading cases. The abscissa is the ratio of sum of the initial residual stress and the applied stress to the material yield strength, and the ordinate is the ratio of the stress value that is stable after the stress relaxation to the initial residual stress. It can be seen from the figure that if the initial residual stress superimposed on the external load stress is less than the yield strength, the stress relaxation effect is not obvious. If the initial residual stress superimposed on the external load stress is greater than the yield strength, the stress relaxation will increase with the external load stress range. The change of the stress ratio has no obvious effect, and the maximum stress relaxation does not exceed 20 % of the initial residual stress. According to Fig. 15 , the residual stress relaxation law at the weld toe is summarized by Eq. (3), which can quantitatively predict the stress relaxation value of a welded joint by the external load stress and the initial residual stress. (3)
In the Eq. (3), (σ res ) after is the stable stress value after the coupling of the welding residual stress and the external load is considered, (σ res ) ini is the initial residual stress, σ app is the external load, and f y is the material yield strength, which is 345 MPa for Q345 steel. Since Eq. (3) considers the yield stress of the material, the formula is suitable for analyzing the residual stress relaxation law of different steels.
Summary
In this paper, a calculation method that couples the welding residual stress and vehicle stress based on the coupled stress analysis model is proposed. In addition, the influence of the deck thickness and external load stress cyclic characteristics on the residual stress relaxation effect is analyzed, and a formula for calculating the stress release of the residual stress in the weld toe position under an external load is summarized. Based on the above investigation, the following conclusions can be drawn:
1. Based on the deck-to-rib welded joints in an OSD, this paper establishes an analysis method for the welding residual stress relaxation effect of a steel bridge deck. The proposed method first uses a thermal-structural coupling method to simulate the initial welding residual stress generation process. Then, a submodel method is used to set the displacement boundary conditions of the local deckto-rib fine submodel. Finally, the same vehicle load stress is applied to the coarse model and the submodel to obtain the true coupled stress time-history curve of the welded detail. The analysis shows that the proposed analysis method of the welding residual stress relaxation effect of a steel bridge deck established in this paper can accurately simulate the coupling effect of the welding residual stress Diagram field and residual stress-vehicle stress coupling, which can be used for the analysis of the real effect of a deck-to-rib detail under the action of a vehicle load.
2. A case analysis shows that the coupling effects of the residual stress and vehicle stress have a great influence on the fatigue life assessment. Under the influence of residual stress, the fatigue life of the welding seam under the action of a vehicle load is significantly reduced. For example, under a compressive cyclic stress, although the relaxation effect of the true stress of the weld is not obvious, the stress ratio R changes from -∞ to a positive value and the fatigue life changes from infinite to finite. Under a mainly tensile cyclic stress, the true stress of the welding seam is obviously relaxed. The stress ratio R increases from 0 to 1 and the equivalent stress amplitude S a(R = -1) increases, resulting in a decreased fatigue life.
3. Based on the refined coupling analysis submodel of deck-longitudinal-rib welding details, the influence of the deck thickness and external load stress cyclic characteristics on the residual stress relaxation effect is analyzed. Based on this, a calculation formula for the residual stress release at the weld toe is established. The analysis results show that the transverse initial residual stress increases with the deck thickness, while the change of the deck thickness does not affect the degree of stress relaxation. When the initial residual stress superimposed on the external load stress is greater than the yield strength, the stress relaxation will increase with the external load stress range, while the change of the stress ratio has no obvious effect.
4. This paper only qualitatively analyzes the possible influence of the welding residual stress and stress ratio on the fatigue life of a steel bridge deck. How to quantitatively analyze its influence on the fatigue life and further establish an assessment method for the fatigue of a steel bridge deck considering the influence of the welding residual stress and stress ratio is the focus of the next phase of research.
